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the U.S. Food and Drug Administration for treating acute ischemic stroke. Results of several large studies (8 -12) have shown that intravenous tPA, if administered within 3 hours after an acute ischemic stroke, may result in improved function-as measured with several validated stroke outcome scales (7, (13) (14) (15) at both 90 days and 1 year after stroke. Although there is some evidence that in selected patients (ie, those with middle cerebral artery embolic occlusion) this window of therapeutic opportunity may be as long as 6 hours with catheter-directed thrombolytic treatment (16) , data with regard to long-term morbidity and mortality in these patients are very limited. In addition, these patients may also represent a very different population from those presenting to the hospital within 3 hours.
A major problem in treating patients with acute ischemic stroke is that few arrive and/or are evaluated and treated within the 3-hour therapeutic window. A systematic review of the literature performed by J.E.S. revealed the timing of events in current practice from stroke onset through evaluation and management ( Table 1) . The average time for in-hospital evaluation to treatment is more than 1.5 hours. This means that, on average, a patient in the community experiencing an ischemic stroke must be recognized and delivered to the hospital in less than 1.5 hours to receive tPA in time. Depending on the study (8, 10, 11, 16, 21, 30) , only 0% and 3% of patients with ischemic stroke were found to do so. This is a consequence of delayed recognition of stroke in the community, delays in traveling to the emergency department (17, 18, (21) (22) (23) (24) (25) (26) 28, 31) , and variability in the care provided to patients with stroke when they arrive at the hospital.
To help manage intrahospital care, the NINDS has published recommendations as to how long the process between evaluation and treatment should take once the patient arrives at the hospital. NINDS recommendations (32) are that from the moment of arrival at the emergency department, a patient with stroke symptoms should be evaluated by an emergency medicine physician within 10 minutes, a neurologist should be contacted within 15 minutes, CT of the head should be performed within 25 minutes and CT findings should be interpreted within 45 minutes, tPA should be administered within 1 hour, and the patient should be admitted to a supervised room within 3 hours (Fig 1) .
The main purpose of our study was to evaluate the potential cost-effectiveness-relative to routine clinical practice-of implementing a strategy for the care of patients with acute ischemic stroke that is compliant with NINDS recommendations.
MATERIALS AND METHODS
We performed a cost-effectiveness analysis comparing an evaluation and treatment strategy that is compliant with NINDS regulations (this strategy is hereafter referred to as a NINDS-compliant strategy) with current practice. Both strategies are described in detail below in the Strategy Description section. The measure of benefit used was the incremental cost-effectiveness ratio for the NINDS strategy. This is the relative difference in the cost of providing care with the NINDS-compliant strategy divided by the change in health outcome as compared with current practice. The health outcome measure used was quality-adjusted life years (QALYs) (33) .
In our analysis, the costs and benefits of the stroke evaluation and management system were calculated for the entire presenting population, not just those who are preselected to benefit from tPA. The analysis was performed in this way because the stroke evaluation and management system operates in the context of the general population, not in a preselected group; it involves attempting to evaluate and manage all patients presenting with stroke symptoms regardless of whether or not they are actually having a stroke. This analysis was performed from the societal perspective. A computer simulation model capturing the costs, health outcomes, timing, competition for resources, and resource utilization aspects of the process of care was used to compare these two strategies.
Model
A discrete-event simulation modeling approach was chosen. The model was developed by using SIMAN (Rockwell Software, Sewickley, Pa), a general-purpose discrete-event simulation language, with the Arena software platform (Rockwell Software).
Discrete-event simulation (34, 35 ) is a computer modeling method in which entities (eg, patients) within a system may interact and/or compete with each other for resources, such as CT time. In † For patients arriving less than 24 hours after stroke onset (approximately 14% of patients in these studies arrived more than 24 hours after the onset of stroke symptoms).
addition, the system being evaluated may be modeled to allow discrete and abrupt changes at variable times rather than being constrained to have changes occur at fixed time intervals, as semiMarkov models are. For example, patients may "enter" the modeled system at any time, and the time needed for evaluation and care may vary from patient to patient. The probability of events, the duration of processes, and the rate at which people may enter the system are typically derived from random and independent sampling from theoretical or empirically derived distributions. This type of simulation is designed to capture flow time, waiting time, and competition for resources. It also permits the analyst to examine the interdependence of events, thereby providing insight into system dynamics and bottlenecks such as those that might occur in busy city hospitals.
Strategy Description
Two treatment strategies were compared: current clinical practice and a NINDS-compliant strategy. Both strategies involved tracking stroke care through the following steps: 1, symptom onset; 2, arrival at emergency department; 3, thorough evaluation by an emergency medicine physician; 4, CT scanning and interpretation of CT findings; and 5, administration of tPA to eligible patients. In the model (Fig 2) , it is assumed that steps 1 through 5 are sequential. One exception is the role of the neurologist. Neurologists are contacted either before the patient's arrival at the emergency department by emergency medical services personnel or at emergency department arrival by the emergency medicine physician. Once contacted, a neurologist must perform a clinical evaluation of the incoming patient and a radiologist must interpret the results of the head CT before the patient can receive tPA. Once this task has been completed, the neurologist is free to evaluate and treat the next patient.
In this study, current practice was defined as the process of evaluating and caring for patients with stroke in tertiary care centers, with the times needed to complete the aforementioned steps derived from a systematic review of the published data (8 -12,17-31,36 -44) . These data are reported in the Reference Case Assumptions section. The NINDScompliant strategy incorporates the times recommended by NINDS (20, 44) . After their discharge from the hospital, patients reenter the community, where they may eithe eventually die a nonstroke-related death or experience a recurrent stroke, whereupon they reenter the evaluation and care process.
In both strategies, patients with intracerebral hemorrhage, subarachnoid hemorrhage, or subdural hematoma were not considered for thrombolytic therapy. These patients were assumed to receive standard therapy for intracranial bleeding-specifically, intubation with hyperventilation, mannitol administration, and elevation of the head of the bed, followed possibly by intracranial pressure monitor placement and, potentially, surgery as early as 24 hours after presentation (45, 46) . The volume and location of the hematomas are the primary determinants of prognosis in these patients. Therefore, the NINDS protocol would not have a substantial effect on the care these patients received or on their outcome. It should also be noted that when one is comparing strategies, any intervention that is identical across strategies-and in this case the same proportion of patients with hemorrhagic stroke were assumed to present in each strategy-will not contribute to any potential marginal benefit.
A literature review was performed to determine the best estimates for patient arrival rates, process times, CT examination characteristics, expected outcomes, in-hospital and outpatient costs for both treated and untreated patients, and quality of life. These values and their sources are reported in Tables 1-5 .
For the NINDS-compliant strategy, the time to emergency medicine physician evaluation was constrained to a uniform distribution between 5 and 10 minutes, and the time within which the neurologist would be contacted was set as a uniform distribution between 5 and 15 minutes from patient arrival. The time to CT scanning was constrained to a uniform distribution between 10 and 15 minutes after evaluation by the emergency medicine physician, the reading of CT results was set as a uniform distribution between 5 and 20 minutes after head CT, and tPA administration was constrained to a uniform distribution between 5 and 15 minutes after the reading of CT scans (Fig 1) . The lower limits were based on the expert opinion of one of the coauthors (K.L.F.). A uniform distribution was assumed because in the protocol, it is only specified that the events occur within the specified time frame. Use of any other distribution would explicitly bias the assumption of how long these processes might take. Triangular and other distributions were used when more data were available about the behavior of the process.
The effectiveness of therapy was based (10,55). In the model, each patient's survival and health state were evaluated at these intervals after discharge from the hospital for a stroke. In the model, the surviving patients' health state was allowed to worsen, improve, or remain the same at these times. This probability of changing from one health state to the next was based on changes in the distributions of the patients' Rankin scores at the beginning and at the end of the evaluation intervals as reported in the NINDS recombinant tPA trial (10) . A simplifying assumption in the model for this initial analysis was that annual poststroke mortality and stroke recurrence rates after 1 year were the same for all patients, regardless of the severity of the initial stroke (70) . In addition, after 1 year, a patient's Rankin score was assumed to remain constant unless he or she had sustained another stroke.
Health Outcomes
The health outcome measure used in the model is the QALY, as defined by Gold et al (33) (ie, a year lived as weighted by the quality of life during that time). A patient's quality of life depends on his or her current health state. Each modified Rankin score category was considered a health state. These were categorized as follows: A modified Rankin score of 0 indicated no symptoms; a Rankin score of 1, symptoms but no disability; a Rankin score of 2, slight disability; a Rankin score of 3, moderate disability; a Rankin score of 4, moderate to severe disability; and a Rankin score of 5, severe disability. The quality of life or utility for each health state was modeled in the manner of Fagan et al (55) (ie, by mapping patient preferences to the postadmission modified Rankin score) and based on the results of published patient preferences for stroke health outcomes (55) (56) (57) (58) (59) (60) (61) (62) . These are represented on a 0-to-1 scale, with 0 representing death and 1 representing perfect health. These values were derived by using the timetrade-off method and/or a visual analog scale (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) . The utilities for these categories and ranges are listed in Table 4 .
Costs
All baseline costs were adjusted to year 2000 U.S. dollars and were based on either national or local estimates. These costs were broken down into cost per day of hospitalization (55) , cost of tPA (65, 71) , cost for physician time, intensive care unit costs for patients receiving tPA (65, 71) , and costs for rehabilitation and nursing homes (68, 70) . The model-generated costs were verified by comparing the cost per patient and its variability to independent global estimates for stroke hospitalization costs (65) . Length of hospital stay, a major contributor to costs, was, on average, approximately 15% shorter for treated patients than for untreated patients (11, 30, 37, 39) .
Posthospitalization costs depended on the patients' outcome. Patients could either be discharged to home alone, into the care of an outpatient rehabilitation facility, or to a nursing home (12%-15%) (37) . Patients with little or no disability (ie, with a Rankin score of 0 or 1) were assumed to undergo a brief period of outpatient rehabilitation and then be discharged to home. Patients with a Rankin score of 2 or higher were assumed to go to an inpatient rehabilitation facility and subsequently to be admitted to a nursing home. Rehabilitation costs were based on the findings of Lee et al (68) . The cost of days of lost work was based on the average daily wages reported by the U.S. Bureau of Labor Statistics (72) . The cost of days of lost work was then multiplied by the number of days spent in a hospital, rehabilitation facility, or nursing home. All costs and health outcomes were discounted at 3% per year according to the technique of Gold et al (33) . 
Process Times
Process times were derived from a systematic review of the literature. Weighted mean and median scores were determined in this review. Where the percentage of arrival within specific hourly intervals was reported with sufficient frequency (as for the interval between stroke onset and emergency department arrival), a weighted mean for each interval was determined, and a cumulative probability distribution was fit to the weighted means. Where only median values were reported, a triangular distribution was fit to the weighted median, and the highest and lowest interquartile range values were reported. NINDS process times were estimated (K.L.F., J.E.S.) as uniform distributions according to expert opinion. The estimates available from the literature are reported in Table 1 . Patient interarrival time, the rate at which patients with and without stroke have events, and calls on the resources of the system were derived from the National Ambulatory Medical Care Survey (3) ( Table 2) .
We tested the validity of the model by comparing its output with the published data. For example, within the group of patients in each strategy in our model, those who arrive and are treated within the therapeutic window spend a mean of 12.6 days (range, 11.4 -14.0 days) in the hospital, versus 15.5 days (range, 9.6 -21.0 days) for those who do not receive treatment. The proportion of patients with a Rankin score of 0 or 1 at 1 year after discharge is 42% for those who receive therapy and 28% for those who do not. These output data are consistent with those in published reports (8,10 -12,30) .
Reference Case Assumptions
The reference case patient was a 65-year-old man with an average mortality rate (73). The reference case timing parameters were as follows: mean time from stroke onset to calling emergency medical services, 2.4 hours; mean time from onset of stroke to arrival at the nearest emergency department, 3.1 hours; mean time from emergency department arrival to evaluation by an emergency medicine physician, 0.41 hour (25 minutes); and mean time from emergency department arrival to treatment, 1.6 hours. Patients who did not arrive in time to receive tPA received supportive care. In the reference case analysis it was assumed that, per Tilley et al (39) , compliance with NINDS recommendations does not incur any new direct costs.
Intracerebral hemorrhage caused by tPA was assumed to occur 6% of the time in the base case and always resulted in death. The baseline incidence of stroke was based on the general population estimate of 1.3% per year and on the number of reported emergency department visits for stroke per year. Sensitivity analyses were performed up to rates of 11%-the stroke rate for all patients aged 65 years and older (according to data from the National Center for Health Statistics for 1994 [73] and data from the U.S. Census for 1990 [74] ). Other nonstroke patients were assumed to compete for the CT resource as well.
The base population size was assumed to be 300,000 (the median U.S. city size [74] ), which implies that, on average, more than 12 nonstroke patients per day compete for the emergency department CT unit (3, 4) . In our institution, Massachusetts General Hospital, which is an urban teaching hospital with more than 500 beds in Boston, the CT volume is approximately 60 patients per day. Using our institution as a reference, we also assumed that there were two CT scanners available to the emergency physicians. We chose this volume as being more representative of the kind of institution where a NINDS protocol would probably be first applied. Each of these assumptions was examined through sensitivity analysis. Dead  10  7  21  17  24  21  30  26   Total  100  100  100  100  100  100  100  100 Note.-Data are derived from reference 10. Percentages may not add up to 100% due to rounding. 
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Sensitivity Analysis
Sensitivity analysis is a method for testing the validity of the conclusion of a decision analysis. Sensitivity analysis tests the stability of the conclusions of an analysis across a range of probability estimates, value judgments, and structural assumptions (75) . The variables that are varied are those about which the least is known and/or those that are most important to the analysis. For example, the cost of becoming NINDS compliant or the sensitivity of CT for detecting a stroke may be varied in a sensitivity analysis. Systematically varying these variables allows the experimenter to determine which variables are most important in the decision-making process. If the outcome of interest varies greatly or if the relative strength of the alternative strategies changes with the varied input parameter, then one considers the model to be sensitive to that parameter. If the outcome of interest does not vary significantly with the variable, then the model is considered to be insensitive to that parameter. Finally, more than one variable may be varied at a time. This allows us to identify configurations in which systems perform optimally.
The central questions of this study relate to the relationship between the process and cost of stroke evaluation and management and the resulting health outcomes. In our examination, we varied the cost per patient for administering a NINDS-compliant protocol, as well as the following key timing and resource parameters: time from stroke onset to emergency department arrival, time from emergency department arrival to CT scanning, CT interpretation time, and length of the therapeutic window. With regard to resource parameters, we varied the number of available neurologists and CT scanners. The volume of stroke and nonstroke patients who "compete" with each other for CT time was also examined. Because there are little data to guide estimation of the cost of becoming NINDS compliant, this was examined as a toll for every patient evaluated.
RESULTS
Reference Case Results
The NINDS-compliant strategy was both cost saving and more effective than routine care (see Table 6 ). The reference case cost-effectiveness analysis whose results are shown in Table 7 was performed from the societal perspective. In this analysis, we examined the process of delivery of care and not the specific treatment. This means that all costs and effects in each strategy were averaged across all persons presenting with stroke symptoms, whether they were treated or not treated with tPA. Given the base case assumptions, the NINDS-compliant strategy resulted in an average QALY value of 3.64 (as compared with 3.63 with the current practice strategy) at an average cost saving of approximately $434 per patient (Table 6 ). Here, the costs and benefits of the strategies were spread across all presenting patients. Individually, the QALY value for a patient not treated in time was 3.62, versus 3.99 for a patient who did receive treatment in time. The cost savings came primarily from reduced hospital costs and reduced rehabilitation and nursing home costs.
In the reference case, approximately 40% of patients arrived within 3 hours of stroke onset. However, approximately 70% of these patients arrived at least 2 hours after stroke onset, leaving them with only 1 hour in which to receive treatment if deemed appropriate. Results of our base case analysis predict that 1.4% Ϯ 0.10 (SD) of patients would receive treatment if cared for according to current practice. Use of the NINDS-compliant strategy would increase this proportion to 3.7% Ϯ 0.19.
Results of Sensitivity Analyses
Results of sensitivity analysis of cost per presenting patient revealed that a NINDS-compliant strategy was cost saving relative to current practice, although it was sensitive to the cost of implemen- tation. The NINDS-compliant strategy remained cost saving for expenditures of up to $230 per presenting patient with stroke and remained cost-effective (at less than $50,000 per QALY) for up to $450 spent per patient presenting with stroke symptoms. This toll per patient is relative to the cost of current practice. This sensitivity is due to the fact that this cost per patient is spent to achieve only a small increment in expected QALYs for society as a whole.
Reducing the time from stroke onset to emergency department arrival or extending the window of therapeutic opportunity also had a large effect. Assuming the performance of the current system, any strategy that either reduces the arrival interval by 30 minutes or lengthens the time available for treatment by 30 minutes would result in between 4.1% and 7.7% of patients with stroke receiving treatment in time-three to six times, respectively, the number of patients currently treated. Such strategies would be cost saving for up to $100 per patient presenting with stroke symptoms and would remain cost-effective (at less than $50,000 per QALY) for spending up to $315 per patient presenting with stroke symptoms.
The time needed to complete a task and the number of units available to perform a task have similar but not identical effects on the performance of a system. Reducing the time from emergency department arrival to CT scanning to 5 minutes increased the number of treatable patients from 1.4% to 1.8%. Reducing the time needed to interpret CT results to 5 minutes did not appear to substantially increase or reduce the number of patients treated, except in conditions in which CT scanners were running nonstop. Increasing the number of CT scanners was more effective. Increasing the number of available CT scanners from two to eight in the current practice environment resulted in a 7% increase (from 1.4% to 1.5%) in the number of treatable patients, with an average gain in QALYs of 3.6272-3.6273 for all patients presenting with stroke symptoms. Increasing the number of available neurologists to more than four had less effect in a nonsaturated environment and increased the proportion of treatable patients from 1.43% to 1.44%. Neurologists had the greatest effect in situations in which there were a high volume of patients with stroke and the CT scanners were already "saturated"-for instance, in a scenario in which there were two CT scanners, 60 nonstroke patients per day, and 10 patients with stroke per day. In this case, the relative gain in the number of treatable patients resulting from doubling CT capacity is 4.4%; the relative gain from doubling the number of neurologists, 6.3%; and the relative gain from doubling both, 9.1%.
In our institution, Massachusetts General Hospital, approximately 60 patients per day are examined with the emergency department CT scanners. With the current strategy, with 1.4% of patients arriving in time to be treated and two CT scanners available, competition from nonstroke patients for the CT resource has a modest effect on patient outcome until the number of nonstroke patients approaches 120 per day (ie, five patients per hour), at which point stroke patients have substantial difficulty in having timely access to the CT scanners (Figs 3,  4) . With current capacity constraints, the current system could not accommodate more than 7.5 stroke patients per day before patients began not to receive treatment owing to delays within the system.
DISCUSSION
Most other cost-effectiveness analyses in which the role of tPA has been examined have been focused on the cost-effectiveness of tPA in those treated versus those not treated rather than on the cost-effectiveness of improving the efficiency of the process of evaluation and treatment. Results of each of these analyses (38, 40, 55, 76) show thrombolytic therapy to be cost-effective or cost saving. This is in accordance with our own results, in which the quality-adjusted life expectancy of individual stroke patients who present within 3 hours of stroke onset increased, on average, from 3.62 to 3.99 QALYs at reasonable cost. The few prospective studies of the delivery of care * Costs and effects are for all persons combined (ie, those treated and those not treated with tPA) in a strategy. The discount rate was 3%. † Incremental cost divided by incremental effectiveness. ‡ When a strategy is more effective and less costly than the competing strategy, it is considered "dominant." have mostly been focused on evaluating single interventions such as code beepers (36) , cellular phones for emergency medical services personnel (77, 78) , and providing more specialist care at hospital arrival (79) . The largest examination of the stroke care process was the pretrial total quality improvement effort performed by the NINDS stroke study group (39) . Unfortunately, it is difficult to determine the effect of this effort, because performance data prior to the total quality improvement effort in 1991 are not available. Results of our analysis also show that implementing a stroke evaluation and management system that is compliant with NINDS recommendations would be cost-effective and probably cost saving to society as a whole. The relatively small gain is due to the QALY gain for a few patients receiving treatment in time being considered across 10,000 patients.
Therapy is only useful if the patient receives it in time for it to be effective. A NINDS-compliant stroke team and system shortens the time needed for the evaluation and care of patients with stroke and potentially reduces the variance in the delivery of care. Use of such a system should more than double the number of patients that can be treated. The next question is: Can we afford to do this?
Although previously published reports (39) have suggested that administrative and policy process improvements in stroke care might be implemented without significant investment of capital, we believed that we could not a priori make the assumption that implementing a NINDS-compliant strategy was costless. By the same token, we believed we could not know ahead of time the capital resources already available to hospital systems across the country or the investments, such as purchasing an additional CT scanner, that may or may not be needed for a hospital to become NINDS compliant. On the basis of expert opinion (J.E.S., S.G., K.L.F.), we made what we believed to be both a reasonable and conservative assumption as to a capital base of two CT scanners for a busy city hospital.
We also assumed that any additional investment toward implementing this guideline would be in the form of manpower. This was reaffirmed when we explored the effect of CT scanner availability through sensitivity analyses. The effectiveness of the strategies were relatively insensitive to the number of available CT scanners except at very high volumes of patients. This implies that, for most hospitals, investing in an additional CT scanner is not necessary to become NINDS compliant. The time spent in the CT scanner, approximately 10 minutes, is too short for it to become a significant bottleneck unless general patient demand for a CT scanner exceeds 60 patients per day per scanner or unless stroke prevalence is four to five times the national average. Both are unlikely in smaller hospitals. Therefore, the CT scanner is not the main roadblock toward achieving NINDS compliance; rather, NINDS compliance in lower-volume conditions is most dependent on staffing and on managing the time needed for triage and clinical evaluation of patients.
Because the cost of implementation is not knowable a priori, when one is exploring the cost of becoming NINDS compliant compared with the cost of current practice, the question has to be framed as, "How much must implementing a NINDS-compliant system cost before the cost outweighs its benefits?" Through sensitivity analysis we added overhead costs for all patients, both treated and not treated, presenting for evaluation for stroke in a NINDS-compliant strategy. Even assuming an additional overhead cost of $450 per patient presenting with stroke symptoms, a NINDS-compliant protocol was both cost-effective and inexpensive relative to other health interventions (80) .
In other words, if one assumes that, on average, 1.75 patients present with stroke symptoms per day at a busy city hospital emergency department, then complying with the NINDS recommendations would require that an additional $290,000 per year, spread across 640 patients, be spent. Although there is no absolute threshold for determining whether or not a therapeutic intervention is cost-effective, up to $100,000 per life year per person is generally considered to be acceptable (33, 81, 82) . Because the mean time from stroke onset to arrival, 3.11 hours, is higher than though close to the limit of the window of therapeutic opportunity, the effectiveness of any system for delivering care is extremely sensitive to the time needed to implement each element in the care process. This is the main reason why a NINDS-compliant strategy is so cost-effective even when assuming a substantial cost per patient.
Unfortunately, a NINDS-compliant strategy only addresses the easiest-tocontrol aspect of stroke care-the process times within a hospital. Even if we carefully control the time spent evaluating and treating patients within the hospital, we are still only reaching a small segment of the population with stroke. Even if we reduce the time the emergency medicine physician and neurologist spend with the patient, the time needed to image the patient and deliver thrombolytics can only be reduced so far. The biggest gain would be from any intervention that expands the therapeutic window or from any intervention that reduces the time from stroke onset to arrival, such as public awareness campaigns (eg, that sponsored by the Brain Attack Coalition [www.stroke-site.org]) (20, 44) that make potential stroke victims more aware of the symptoms and signs of stroke as well as the need for emergent medical care. Any strategy in which arrival time is reduced or the therapeutic window is increased by 30 minutes while less than $315 is spent per patient with stroke should be justifiable from a societal perspective. It should be noted, however, that new interventional radiologic techniques such as those being pioneered in the Prolyse in Acute Cerebral Thromboembolism (PROACT) II trial (16) may also be valuable to pursue because they may widen the window of therapeutic opportunity. Outcome studies based on the results of these trials may help determine the value of these techniques.
Results of our analysis also show that although a stroke center is sensitive to the volume of nonstroke patients competing for CT and emergency medicine physician time, it is most sensitive to the volume of patients presenting with stroke symptoms. This is because patients with stroke require both CT and neurologist time almost simultaneously. CT capacity appears to be a greater bottleneck than the number of available neurologists. Because the CT process is relatively short, very large volumes-twice the current volume at our center-are required to overload the CT scanning process to the point that delays due to CT scanner availability and neurologist availability in and of themselves significantly reduce the number of patients that might be treated. This is not true for centers with only one CT scanner. Results of our analysis therefore imply that at a high-volume stroke center, there should be at least two CT scanners and four neurologists available.
The NINDS and other organizations have made recommendations as to how to best treat patients with stroke in a timely fashion. This effort has had two main foci: First, educating the public to recognize and act on stroke symptoms, and second, improving the speed with which patients are treated once they arrive at the hospital. Our results show that, as might be expected, both reducing the time from symptom onset to emergency department arrival and reducing the time from emergency department arrival to treatment would improve outcomes for stroke patients. A result that might not have been expected is that introducing such an in-hospital protocol would not only be cost-effective over a wide range of conditions but would also probably be cost saving. Undoubtedly, reducing in-hospital time to treatment is a worthwhile goal and is probably easier to achieve than reducing the time from stroke onset to emergency department arrival. But because so much time is wasted from stroke onset to presentation at the emergency department, the potential gains from educating the public to recognize and act on stroke symptoms more quickly may in the long run be greater.
One of the most important limitations in this study was the limited availability of raw timing data on all aspects of the clinical process. Relatively few studies have been focused on the process of care as the primary concern, and these data are not readily available. Another limitation was that there are few data to guide the estimation of the cost of becoming NINDS compliant and hence the sensitivity analysis of the cost per patient presenting with stroke symptoms. Another potential limitation was environmental. There is some evidence of a secular trend toward reduction in the time from arrival to therapy (83) . This may have resulted in the benefit of instituting a NINDScompliant system having been overestimated in the model. Finally, the use of potential tissue-sparing medications such as nifedipine was not specifically modeled, although most of the effect of the use of such medications was captured through sensitivity analyses in which the therapeutic window was extended.
